A novel genome-wide genetics platform is presented in this study, which permits functional 18 interrogation of all point mutations across a viral genome in parallel. Here we generated the first 19 fitness profile of individual point mutations across the influenza virus genome. Critical residues 20 on the viral genome were systematically identified, which provided a collection of subdomain 21 data informative for structure-function studies and for effective rational drug and vaccine design. 22
Introduction 27
The influenza virus causes several hundred thousand deaths every year, and this number can 28 reach millions in pandemic years. The huge socioeconomic associated with influenza highlights 29 the importance of understanding of virus-host interactions [1, 2] . The rapidly evolving nature of 30 influenza challenges the development of anti-influenza drugs and vaccine [3] [4] [5] [6] [7] . Consequently, 31 it is important to develop drugs or vaccines that target indispensable regions on the influenza 32 virus to maximize the genetic barrier for the emergence of resistance or escape mutations. Nev-33 ertheless, genetic research on the influenza virus has largely relied on naturally variants and 34 individual mutants created in the laboratory. A substantial part of the genome remains unchar-35 acterized. 36 37 Traditional genetics studies the relationship of a single genotype-phenotype at a time, and has 38 been extensively to study panels of influenza mutations. However, the low throughput of tradi-39 tional genetics limited the number of mutations being examined. In contrast, high-throughput 40 genetics interrogates the phenotypic outcomes of multiple mutants in parallel. Genome-wide 41 insertional mutagenesis is a common high-throughput genetics approach. It has been employed 42 in the influenza virus to systematically identify regions that are tolerate to mutations [8] . How-43 ever, the resolution of insertion-based approach is limited at the protein subdomain level. This 44 resolution is insufficient to identify residues critical for replication. As a result, there is a demand 48 the fitness effect of individual point mutations across the influenza A virus hemagglutinin (HA) 49 segment [9] . The principle of the high-throughput genetic platform is to utilize a large mutant 50 library and deep sequencing. Here, we extended this approach to quantify the fitness effects of 51 each point mutation in 96% of the influenza A virus genome. This technique will enable system-52 atic identification of indispensable regions for drug or vaccine targets. More importantly, it can 4 be applied to any specified growth conditions for any virus that can be genetically manipulated. 54
Results

55
Quantification of the fitness effect of individual point mutation 56 Our high-throughput genetics platform aims to randomly mutagenize each nucleotide of the 57 genome, monitor the changes in occurrence frequency for individual point mutations under 58 specified growth conditions using massive deep-sequencing [9] . The changes in occurrence fre-59 quency of each point mutation (such as diminishment or enrichment) allow us to quantify the 60 mutational fitness outcomes under the given growth conditions. The mutant libraries were cre-61 ated by error-prone PCR on the eight-plasmid reverse genetics system influenza A/WSN/1933 62 (H1N1) [10] (see materials and methods). Subsequently, eight viral mutant libraries were gen-63 erated by transfection, each with one of the eight segments mutagenized. All viral mutant 64 libraries were passaged for two 24-hour rounds in A549 cells (human lung epithelial carcinoma 65 cells). The plasmid library and the passaged viral library were each sequenced by Illumina HiSeq 66 2000. Here, a relative fitness index (RF index) is used to estimate the mutational fitness effect. 67
The RF index is calculated as: 68 69 RF index = occurrence frequency in passaged library)/(occurrence frequency in plasmid library) 70
71
The occurrence frequency of individual mutations was expected to be lower than the sequencing 72 error rate (∼0.1%-1%) in next generation sequencing (NGS). Therefore, we utilized a two-step 73 PCR approach for sequencing library preparation to distinguish true mutations from sequencing 74 errors. In the first PCR, a unique tag was assigned to individual molecules. The second PCR 75 generated multiple identical copies for individual tagged molecules. The input copy number for 76 the second PCR was well-controlled such that individual tagged molecules would be sequenced 77 ∼10 times. True mutations would exist in all sequencing reads sharing the same tag, whereas 78 sequencing errors would not. Individual molecules, each carrying a unique tag, have an average 79 copy number of ∼10 in the sequencing data, which validated the sequencing library preparation 80 design ( Fig. S1 ). 81
Point mutation fitness profiling of influenza A virus genome 82
The RF indices for individual point mutations were profiled across 96% of nucleotide positions 83 in the influenza A/WSN/1933 virus genome (Fig. 1 ). The remaining 4% of nucleotide were from 84 the termini of each gene segment due to PCR amplification difficulty. As expected, a positive 85 correlation exists between RF index and the degree of amino acid conservation of missense 86 mutations ( Fig. S2 ). In addition, the fitness data for well-characterized mutants were consistent 87 (Fig. S4 ). Furthermore, comparison between our fitness data with 93 the polymerase activity on 19 PB1 mutants previously reported showed an 80% correlation [17] . 94
Mutants that displayed a severely attenuated (RF index <0.05) or neutral (RF index >0.4) 95 phenotype were randomly selected across the genome, individually constructed and tested. The 96 replication phenotype of each single mutant validated the profiling data with a confirmation rate 97 of 68% for severely attenuated mutations and 94% for neutral mutations (Fig. 2) . These data 98 taken together provides validity to our fitness profiling data set. 99
Structural analysis and identification of indispensable protein surface 100
Our high-throughput profiling technique provides a basis to identify essential protein surfaces 101 for drug targeting and indispensable regions for vaccine epitopes. We have performed a struc-102 tural analysis on NA, a major influenza vaccine antigen. Here we identified a cluster of essential 6 residues at the tetramer formation interface, suggesting that it bears functional importance and 104 can possibly be a drug targeting site. In contrast, such a large cluster of essential residues could 105 not be found in any other part of the NA surface. The lack of essential residues on the NA 106 surface explain the functional basis of antigenic drift. 107
108
We have also performed a structural analysis using the PA subunit of the influenza virus RNA 109 polymerase as an example to search for indispensable regions to aid in rational drug design. 110
Increasing evidence suggests PA is a valuable target for drug development due to its polyfunc-111 tionality [18-20]. Our fitness data provided an informative reference for rational drug design. It 112 captured several critical interactions between PA and PB1, such as the hydrogen bond between 113 PA E617 and PB1 K11 (Fig. 3A) , and the hydrophobic interaction between PA and PB1 via 114 the volume-filling residues L666 and F710 ( Fig. 3B ). It has also revealed a cluster of essential 115 residues on the PA surface consisting of eight amino acids ( Fig. 3C ), including K539 and K574, 116 which were previously shown to be part of a lead compound binding pocket [19] . This patch 117 of amino acids may be involved in an essential protein-protein interaction for viral replication. 118 Similar analyses using our dataset have been applied to PA endonuclease domain and the M2 119 ion channel, which are plausible targets in drug development ( Fig. S5-6 ). By projecting the 120 fitness profiling data on three dimensional protein structures, it enables the identification of 121 novel putative essential structural motifs that are surface exposed but not necessarily sequential 122 in the primary sequence. This type of analysis reveals biological targets useful for rational drug 123 and vaccine design. We propose that future antiviral drug design can incorporate the technique 124 described in this study with in silico drug screening to increase the efficiency of therapeutic 125 identification. 126
Discussion
It has been suggested that a significant fraction of conserved residues that are conserved in the 130 influenza A virus are dispensable in viral replication [17, 21, 22 ]. In addition, new mutations were 131 observed in every flu season, implying that residues that are naturally conserved currently may 132 still be able to mutate under future unforeseen selection pressures. Therefore, a high-throughput 133 fitness profiling complements the shortcoming in the sequence conservation analysis and allows 134 identification of amino acid residues that are critical for viral replication in a defined cellular Based on the data in Fig. 1 , mutations that displayed a RF index of < 0.05 were classified as 306 severely attenuated and > 0.4 were classified as neutral. Individual mutants were constructed 307 and compared to the wild type (WT) replication phenotype. Post-transfection titers were plot-308 ted for lethal and viable mutants. Infection was initiated at an MOI of 0.05. Virus was harvested 309 at 24 hours post infection. For the validated mutations with a RF index < 0.05, 68% have at 310 least 1 log decrease in titer compared to WT. For the validated mutations with a RF index > 0.4, 311 94% have a titer within a 2-fold change as compared to WT. Overall the validation rate is ∼80%. 76 RRR 78 were displayed in stick format as an inset. It has been suggested that this basic amino 367 acid stretch is important for virus assembly and/or budding [16] . Virus substitutions at these 368 positions show an attenuated phenotype. Our data is consistent with the previous observation. 369
The non-structural region at the C-terminal end of 76 RRR 78 is also indispensable in our profiling 370 data. This suggests that entire the non-structural region containing the 76 RRR 78 basic stretch is 371 functionally important. One possibility for functional importance is that it provides an interface 372 for a protein-protein interaction. 373 Most deleterious 10%, red; 10% to 20%, orange; Others, green. An indispensable region on 385 the transmembrane helix is highlighted. Our data captured the essential amino acids W41 and 386 H37, which are critical for M2 ion channel activation [31] . We also identified several adjacent 387 hydrophobic residues, I35, L36, and L38 as critical residues, which can be attributed to their 388 contact with the hydrophobic membrane. 
